Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is able to kill transformed cells. We have studied the expression and functionality of the TRAIL apoptotic pathway in Ewing's sarcoma. We demonstrate that tumors from patients with Ewing's sarcoma express receptors TRAIL-R1 and -R2. Using a panel of nine Ewing's sarcoma cell lines TRAIL could induce apoptosis in seven cell lines. Preincubation with interferon-g rendered the two resistant cell lines sensitive. TRAIL was the most potent inducer of apoptosis when compared to Fas ligand or TNF. TRAIL-mediated apoptosis could be inhibited by various caspase-inhibitors. No difference in the surface expression of TRAIL-receptors was observed between sensitive and resistant cell lines. Also, all cell lines had similar levels of expression of Flice-like inhibitory protein (FLIP) on immunoblot. However, the two resistant cell lines had only very low level expression of caspase 8 on RNA and protein level. In summary, we show that Ewing's sarcoma expresses receptors for TRAIL, and that cells are exquisitely sensitive to TRAIL-mediated apoptosis. These results may warrant clinical trials with TRAIL in Ewing's sarcoma once the safety of TRAIL for humans has been established. Cell Death and Differentiation (2001) 8, 506 ± 514.
Introduction
Ewing's sarcoma (ES) accounts for the second most common bone tumor in children. 1 Although the cell of origin of ES remains unclear, prevailing concepts hold that these tumors arise from genetic changes within primitive neuroectodermal tissues, which lead to clonal proliferation and a loss of differentiative capacity. 2, 3 Unfortunately, the prognosis for patients with large primary tumors or metastatic disease treated with conventional therapy is poor. 4, 5 Since it has been shown in a variety of tumors that chemo-and radiation therapy induce apoptotic mechanisms to cause cancer cell death, investigation of the apoptotic mechanisms in ES could lead to new effective means of therapy. 6 Activation of death receptors of the TNF-receptor superfamily expressed on cell membranes, provides a specific mechanism to induce apoptosis. 7 We have previously shown that ES cells express the Fas receptor on their surface. 8 However, the majority of cell lines studied were either resistant to Fas-mediated apoptosis or required the simultaneous application of the protein-synthesis inhibitor cycloheximide. In addition, the therapeutic usefulness of the Fas-pathway is hampered by Fas-expression on hepatocytes that induces lethal hepatic apoptosis upon activation. 9 The TNF-related apoptosis-inducing ligand (TRAIL, also called Apo2L; 10, 11 ) can induce apoptosis by interaction with two receptors of the TNF-receptor superfamily, referred to as TRAIL-R1 (also called DR4; 12 ) and TRAIL-R2 (also called DR5/TRICK-2/KILLER; 13 ± 19 ). Recent evidence suggests that TRAIL-induced apoptosis seems to utilize a pathway similar to the one used by FasL with recruitment of the adaptor molecule Fas-associated death domain protein (FADD) and subsequent activation of caspase 8. 20 ± 22 TRAIL appears to be able to induce apoptosis in a wide range of transformed cell lines. 10, 11 The systemic application of TRAIL into mice has been shown to be nontoxic and able to suppress the growth of a human mammary adenocarcinoma. 23 The clinical usefulness of TRAIL, however, has to be evaluated carefully with respect to the recent finding that TRAIL can induce apoptosis in human hepatocytes upon in vitro culture. 24 Resistance to TRAIL-mediated apoptosis is not fully understood. Protection of normal tissue from TRAILmediated apoptosis has been thought to be conferred by two additional receptors: TRAIL-R3 (also called DcR1/ TRID/LIT; 13, 14, 18, 19, 25 ) and TRAIL-R4 (also called DcR2/ TRUNDD; 26 ± 28 ) which might either act as decoy receptors or provide inhibitory signals, such as activation of NF-kB. Support for this hypothesis, however, has only come from experiments utilizing TRAIL-sensitive target cells transfected with either TRAIL-R3 and -R4 (reviewed in 29 ). In contrast, in most tumor cell lines the expression of TRAIL-R3 and -R4 has not been shown to be associated with resistance to TRAIL. 29, 30 Resistance to TRAIL-induced apoptosis may also be regulated by the expression of intracellular inhibitory proteins such as cellular Flice-like inhibitory protein (FLIP). 31, 32 Recently, absent expression of caspase 8 has been shown to confer resistance to FasL and TRAIL-mediated apoptosis in neuroblastoma cell lines. 33, 34 To address the expression and functionality of the TRAIL-dependent pathway of programmed cell death in ES, we performed an analysis of the TRAIL system in tumors and in a series of ES cell lines.
Results

Expression of TRAIL-receptors in ES tumors
The expression of TRAIL-receptors was investigated in tumor samples from 10 patients with ES. Figure 1 demonstrates that mRNA for TRAIL-R1 is clearly expressed in eight of the 10 samples, and for TRAIL-R2 in all samples. Several tumor samples contain a second band for TRAIL-R1, which is shorter than the 674 bp expected. This could be due to alternative splicing which has been reported for TRAIL-R1. 12, 14 Also, the non apoptosis-inducing receptors TRAIL-R3 and -R4 are expressed in all tumor samples.
The TRAIL-pathway is intact in ES
In order to show the functionality of the TRAIL-pathway in ES, cell lines derived from tumors of patients with ES were incubated with recombinant human (rh) TRAIL. Apoptosis was determined via flowcytometry by propidium-iodide staining of subdiploid nuclei. Figure 2a shows that 59% of cells of cell line RD-ES underwent apoptosis after 24-h incubation with 100 ng/ml of rh TRAIL. Studies on the kinetics of induction of apoptosis by TRAIL indicate that apoptosis could be detected after 12 h in two sensitive cell lines, SK-N-MC and CHP-100 (Figure 2b ). In contrast, in cell line JR no signs of apoptosis could be detected even after 24 h. The susceptibility of ES cell lines was tested over a range of various concentrations of TRAIL. As shown in Figure 2c , apoptosis could already be detected between 50 and 100 ng/ ml in sensitive cell lines SK-N-MC and SB. Apoptosis of SK-N-MC was maximal at 200 ng/ml. In contrast, ES cell line JR was resistant even at rh TRAIL concentrations of 1000 ng/ml.
The majority of ES cell lines are sensitive to apoptosis by TRAIL Figure 3a shows the sensitivity of a panel of nine ES cell lines towards apoptosis by TRAIL. Cells of seven of the nine cell lines can readily be killed by incubation with 100 ng/ml rh TRAIL for 24 h. This experiment was repeated on two occasions with similar results.
IFN-g converts TRAIL-resistant ES cell lines to become sensitive
We have previously shown that incubation with IFN-g and/or cycloheximide can convert some Fas-resistant ES cell lines to become Fas-sensitive. 8 We therefore wanted to investigate whether the same effect could be observed in TRAILmediated apoptosis. IFN-g is thought to increase the 35 ± 38 Cycloheximide is thought to convert Fas-resistant cell lines to become Fas-sensitive by blockade of a short-lived inhibitor. 39 In addition, cycloheximide has been shown to downregulate FLIP-protein expression in melanoma cell lines and this was associated with sensitization towards TRAIL. 32 Figure 3b demonstrates that the two TRAIL-resistant cell lines A4573 and JR could be converted to become sensitive to TRAILmediated apoptosis after preincubation with 2000 U/ml IFN-g for 60 h. Interestingly, IFN-g by itself induced some apoptosis in these cell lines. Similar results were obtained in two independent repeats of the experiment. In contrast, concomitant treatment of cell lines with TRAIL and cycloheximide could not convert the two TRAIL resistant cell lines A4573 and JR to become TRAIL-sensitive, however, increased the percentage of apoptotic cells in most of the other cell lines (data not shown).
Comparison of the TRAIL-pathway with the Fas-and TNFR-pathway Table 1 summarizes our results on the integrity of the TNFR-, Fas-, and TRAIL-pathway in the nine ES cell lines studied. All cell lines do have receptors for TNF and Fas 8 (results not shown). Based upon a series of experiments a cutoff for apoptosis via death ligand was chosen with a percentage of cells with subdiploid DNA-content of 20% beyond the respective control level. Smaller differences with levels above the background level, which is up to 10% in untreated cells, might represent low positive findings. As demonstrated the TRAIL-pathway is superior to the other two pathways in inducing apoptosis. In the absence of additional treatment with IFN-g only RD-ES is sensitive to apoptosis induced by the anti-Fas antibody CH-11. The level of induction of apoptosis in RD-ES by CH-11 is stronger than the one we have published previously. 8 This is most likely due to clonal variation, since the RD-ES cell a b a Recombinant TRAIL, CH-11, recombinant TNF were added at 100 ng/ml for 24 h. 
Interferon-g was added 60 h prior to the addition of death ligands
Cell Death and Differentiation line used in these studies was obtained from a different source than the one used before. Whereas all cell lines are susceptible to TRAIL after a 60 h preincubation with IFN-g, only RD-ES, SK-N-MC, and TC-71 can be killed by CH-11 under such conditions. Neither TNF alone nor in combination with IFN-g is able to induce apoptosis in any of the ES cell lines.
TRAIL-mediated apoptosis is inhibited by a variety of caspase-inhibitors Figure 4 shows that TRAIL-mediated apoptosis can be inhibited by caspase-inhibitors and therefore must involve the activation of caspases. The relative sensitivity to various inhibitors, with Z-VAD-fmk being the most potent, and Z-VDVAD-fmk the least effective, is similar, if apoptosis is induced by TRAIL alone or by TRAIL and cycloheximide. In the presence of cycloheximide higher concentrations of caspase-inhibitors are needed to block apoptosis, suggesting that at least in some ES cell lines a short lived inhibitor, such as FLIP might play a regulatory role.
Resistance to TRAIL-mediated apoptosis is not associated with differential expression of TRAIL-receptors between sensitive and resistant ES cell lines
In order to investigate the mechanism of resistance of the two TRAIL-resistant cell lines A4573 and JR, ES cell lines were analyzed for the expression of receptors TRAIL-R1-R4 by RT ± PCR and flowcytometry. Messenger RNA for TRAIL-R1 and -R2 could be clearly detected in seven and nine of the nine ES cell lines, respectively. Messenger RNA for the non apoptosis-inducing receptors TRAIL-R3 and -R4 could be demonstrated in nine and six out of nine ES cell lines ( Figure  5a ). By flowcytometry both resistant cell lines expressed TRAIL-R1 and -R2 on the surface to a similar level as did sensitive cell lines (Figure 5b ). Surface expression of TRAIL-R3 and -R4 was barely detectable in resistant as well as in sensitive cell lines.
Expression of FLIP in sensitive and resistant cell lines
Expression of the intracellular inhibitor FLIP has been shown to confer resistance to FasL and TRAIL-mediated apoptosis. 31, 32 We therefore studied the expression of FLIP in our panel of ES cell lines by RT ± PCR and immunoblot. All nine ES cell lines expressed mRNA for FLIP (Figure 6a ). FLIPprotein expression was also found in all nine cell lines, and there was no difference in the level of expression between sensitive and resistant cell lines (Figure 6b ).
Resistance to TRAIL-mediated apoptosis is associated with low-level expression of caspase 8
Because TRAIL-mediated apoptosis involves the activation of caspases (reviewed in 29 ) we investigated, whether differences in the expression of caspases were associated with resistance to TRAIL. RNase protection assay was used to screen for the mRNA expression of caspases 1 ± 10. As shown in Figure 7a , both resistant cell lines A4573 and JR only showed very low level expression of caspase 8, whereas all sensitive cell lines clearly expressed mRNA for caspase 8. This could be confirmed on protein level, with strong expression of caspase 8 by all sensitive cell lines and only very faint expression by the two resistant cell lines (Figure 7b ).
Discussion
The data presented address the expression and functional status of the TRAIL system in ES, using tumor samples and a panel of nine ES cell lines. Our results show that all tumor samples from patients with ES express TRAIL-R2 and 80% express TRAIL-R1.
In order to investigate the functionality of the TRAILpathway in ES we used ES cell lines in which we have previously characterized the Fas/Fas ligand pathway. 8 Our results show that apoptosis can be readily induced by TRAIL in seven out of nine cell lines. This is in contrast to results in breast cancer and tumors of hematological origin Incubation with cycloheximide was unable to overcome resistance to TRAIL in the cell lines JR and A4573, but was able to augment the percentage of apoptotic cells in most of the sensitive cell lines (data not shown). Whereas no sensitizing effect of cycloheximide on TRAIL-mediated apoptosis has been described in breast cancer, cycloheximide and actinomycin D, another protein synthesis inhibitor, have been able to render resistant melanoma cells to become sensitive and increase the percentage of apoptotic cells in sensitive cell lines. 32, 41, 42 This acquisition of TRAIL-sensitivity in melanoma has been shown to correlate with downregulation of FLIP, a known inhibitor of Fas ligand and TRAIL-mediated apoptosis. 32 In contrast, preincubation of cell lines JR and A4573 with IFN-g rendered the cell lines sensitive to apoptosis by TRAIL. We have previously shown that preincubation with interferon-g sensitizes ES cell lines to FasL-mediated apoptosis and that this was only in one case associated with upregulation of Fas, suggesting modulation of downstream genes in a proapoptotic fashion.
8 Whereas no effect of interferon-g on TRAIL-mediated apoptosis in tumor cells has been described, Sedger et al. 44 showed that IFN-g increased the sensitivity of CMV-infected human fibroblast towards TRAIL-mediated apoptosis and that this was associated with downregulation of messenger RNA for TRAIL-R3 and -R4, induction of TRAIL, and downregulation of basal NF-kB activation. Further studies on the effect of IFN-g on apoptosis by TRAIL in ES are currently under way in our laboratory.
TRAIL-mediated apoptosis could be inhibited using different caspase-inhibitors. The same relative inhibition profile with Z-VAD-fmk being the most potent inhibitor and Z-VDVAD-fmk only conferring partial inhibition has been observed in Fas ligand-mediated apoptosis in prostatic carcinoma cell lines. 45 In the presence of cycloheximide higher concentrations of caspase-inhibitors are needed to block apoptosis, suggesting higher level of caspase activation through the putative blockade of intracellular inhibitors, such as FLIP, by cycloheximide.
With regard to the potency of apoptosis via activation of death receptors, we show that TRAIL is the most effective ligand compared with Fas ligand or TNF. Interestingly, TRAIL alone is able to kill the Fas-resistant cell line SB. This cell line also shows resistance to adriamycin and etoposide in vitro (data not shown) and was derived from a patient with chemoresistant disease, suggesting that sensitivity to TRAIL may also exist in chemoresistant tumors.
In order to investigate whether resistance to TRAILmediated apoptosis was associated with differential expression of TRAIL-receptors, mRNA and surface expression of TRAIL-R1-R4 was examined. In melanoma, resistance of some cell lines to TRAIL has been shown to be due to the absence of both TRAIL-R1 and -R2. 30 All of the ES cell lines studied expressed mRNA for TRAIL-R2 and -R3. Messenger RNA for TRAIL-R1 and -R4 was Cell Death and Differentiation expressed in seven and six of the nine cell lines, respectively. Interestingly, resistant cell lines as well as sensitive cell lines expressed TRAIL-R1 and -R2 at similar levels on their surface, whereas the non apoptosis-inducing receptors TRAIL-R3 and -R4 were barely detectable. This suggests that resistance to TRAIL-mediated apoptosis in cell lines A4573 and JR is not regulated on the receptor level.
Expression of the intracellular inhibitor FLIP has also been shown to block TRAIL-mediated apoptosis. 31, 32 However, in our studies mRNA and protein expression of FLIP could be detected in all ES cell lines at similar levels. This suggests that expression of FLIP is not responsible for the resistance of cell lines A4573 and JR towards TRAIL, and also that FLIP is not able to suppress TRAIL-mediated apoptosis in sensitive Ewing's sarcoma cell lines. This is in contrast to work performed by Griffith in melanoma cell lines where the expression of FLIP on immunoblot correlated with resistance in a panel of eight cell lines. 32 No correlation between expression of FLIP on mRNA and protein level and resistance to TRAIL was found in a larger study including 28 melanoma cell lines. 30 However, in the latter study FLIP was detected by flowcytometric analysis of permeabilized cells, whereas in the study by Griffith the more sensitive immunoblotting was used. 32 Some role for FLIP in Ewing's sarcoma, however, is suggested by our previous results that most cell lines required incubation with cycloheximide in order to sensitize them to apoptosis via the Fas-pathway. 8 Recently, silencing of caspase 8 has been shown to be associated with resistance to Fas L and TRAIL-mediated apoptosis in neuroblastoma. 33, 34 Caspase 8 has been shown to be recruited to the native TRAIL death-inducing signaling complex, and caspase 8-deficient Jurkat cells are resistant to TRAIL-mediated apoptosis. 20 ± 22 Transfection of caspase 8 into neuroblastoma cell lines with no caspase 8 expression restored their sensitivity versus death receptormediated apoptosis. 33 Both resistant ES sarcoma cell lines showed very low expression of caspase 8 on RNA and protein level when compared to sensitive cell lines. These results suggest that resistance to TRAIL-mediated apoptosis in ES may be conferred by loss of expression or low level expression of caspase 8, similar to neuroblastoma. With regard to clarifying the role of IFN-g in sensitizing resistant cell lines A4573 and JR to apoptosis by TRAIL, we have preliminary evidence that IFN-g can upregulate the expression of caspase 8 and other caspases in these cell lines. Further experiments to prove that the mechanism of sensitization by IFN-g is due to upregulation of caspase 8 are currently performed in our laboratory.
In summary, our results demonstrate that ES cells express receptors for TRAIL, and that the ES cell lines tested are exquisitely sensitive towards TRAIL-mediated apoptosis. Resistance to TRAIL-mediated apoptosis could be associated with low level expression of caspase 8. In addition, TRAIL resistant cell lines could be sensitized by preincubation with IFN-g. These results warrant further studies of TRAIL in ES and the inclusion of patients with ES into clinical trials with TRAIL, once safety of TRAIL in humans has been established.
Material and Methods
Cells and cell lines
Biopsy samples from 10 patients with ES were frozen in liquid nitrogen after informed consent had been obtained. ES cell lines A4573, CHP-100, JR, SK-N-MC, TC-32, TC-71, and 5838 were kindly provided by Dr. Jeff Toretsky (Pediatric Oncology Branch, National Cancer Institute, Bethesda, MD, USA). The ES cell line RD-ES was obtained from the American Type Culture Collection (Rockville, MD, USA). All cell lines have been characterized previously. 8,43,46 ± 49 They were maintained in RPMI supplemented with 10% FCS and 100 units/ml penicillin, 100 mg/ml streptomycin, and 4 mM glutamine.
Reagents
Rh TRAIL and a cross-linking anti-TRAIL antibody were obtained from Alexis (Gru È nberg, Germany). The apoptosis-inducing anti-Fas-antibody, clone CH-11, was purchased from Immunotech (Marseilles, France), human TNF from Sigma (Deisenhofen, Germany). The polyclonal rabbit anti-FLIP L -antibody was purchased from Alexis, the mouse-anti-Caspase 8 antibody was kindly provided by Y Lazebnik (Cold Spring Harbor Laboratories, Cold Spring Harbor, NY, USA). Goat-anti-rabbit and anti-mouse antibodies were purchased from Santa Cruz (Heidelberg, Germany). IFN-g was obtained from the NCI 
RNA analysis and RT ± PCR
Frozen tumor samples from patients with ES were thawed in the PeqGOLDTrifast reagent containing guanidine isocyanate and phenol/ chloroform (Peqlab, Erlangen, Germany). Samples then were homogenized using a tissue homogenizer. Total RNA from homogenized tissue as well as from cell lines was prepared according to the manufacturer's instruction. First strand cDNAs were synthesized from 1 mg of total RNA in 20 ml reactions using random primers in the presence or absence of reverse transcriptase (Life Technologies, Karlsruhe, Germany). First strand cDNA (1 ml) was amplified using Taq polymerase (Life Technologies) in a 100 ml reaction volume. The genespecific primers for TRAIL-R1, TRAIL-R2, and FLIP have been published previously. 30, 50 For amplification of TRAIL-R3 and R4, the following primers were constructed: TRAIL-R3 sense: AGTCCAAGT-CAGTAATTGTAC, antisense: TCAGAAGCACAATTAGAACTATGA; TRAIL-R4 sense: GCTGACATCAGCACCTTGCTGGAT, antisense: ATGCAGCCAAGAATCTGATA. Samples were amplified for 35 cycles using the PCRExpress thermal sequencer (Hybaid, Heidelberg, Germany). The program consisted of one cycle at 948C for 2 min and 958C for 1 min; 35 cycles of denaturation for 45 s at 958C, annealing for 45 s at 548C, and extension for 60 s at 728C; and finally 10 min at 728C. Samples were analyzed on a 0.5% agarose Trisacetate-EDTA gel stained with ethidium bromide.
RNase protection assay
A RiboQuant Multi-Probe RNase Protection Assay System (Pharmingen, Hamburg, Germany) was used per manufacturer's instructions. An hAPO5c probe set containing DNA templates for caspases 1 ± 10, L32 and glyceraldehyde-3-phosphatase dehydrogenase (GAPDH) was used for T7 polymerase direct synthesis of [a 32 -P]UTP-labeled
Cell Death and Differentiation antisense RNA probes. The probes were hybridized with 5 mg of RNA of the above described ES cell lines. Samples were then digested with RNase to remove single-stranded (nonhybridized) RNA. Remaining probes were resolved on denaturing 5% polyacrylamide gels.
Flow cytometric analysis
Adherent cells were removed by trypsinization in 0.25% trypsin at 378C for 5 min, washed once in RPMI supplemented with 10% FCS and twice in FACS-buffer (PBS containing 2% BSA). Two mg of mab against TRAIL-receptors or respective isotype controls were added per 5610 5 cells and incubated at 48C for 30 min. Cells were washed twice with FACS-buffer and incubated for 30 min at 48C with FITCconjugated goat anti-mouse Ig (Becton Dickinson, Heidelberg, Germany). After washing twice in FACS-buffer, cells were immediately analyzed on a FACScan analyzer (Becton Dickinson). A minimum of 10 000 cells were analyzed.
Immunoblots
Protein was extracted from cells by detergent lysis using a buffer containing 10% SDS. The lysate was boiled for 10 min, and cellular debris was then removed by centrifugation (10 min at 14 000 r.p.m.). The protein concentration then was measured using the Bio-Rad protein assay (Bio-Rad Laboratories, Munich, Germany). Forty mg of protein were boiled 10 min before loading on a 12% SDSpolyacrylamide gel. Proteins were transferred to nitrocellulose membranes and then blocked for 30 min in PBS containing 5% dry milk and 0,01% Twen (Sigma). Membranes were incubated with primary antibodies in blocking buffer, washed three times in PBS/ Tween, incubated for an additional 30 min with a secondary antibody conjugated to horseradish peroxidase at a 1 : 2000 dilution, washed three times with PBS/Triton, and then developed using enhanced chemiluminescense (Amersham, Braunschweig, Germany).
Apoptosis
Apoptotic cells were determined by the propidium iodide method. 51 In brief, ES cells were adhered overnight in a 96-well plate (Falcon Microtest, Becton Dickinson) at a concentration of 1610 5 /well in 10% FCS. The following morning TRAIL, CH-11 or TNF were added at the indicated concentrations. In the case of TRAIL, a crosslinking anti-TRAIL-antibody at a final concentration of 2 mg/ml was added. When indicated cycloheximide (Sigma) was added at a final concentration of 1 mg/ml together with the death ligand, and IFN-g at a concentration of 2000 units/ml 60 h before incubation with the death ligand. Twentyfour hours after addition of the specific death ligand, cells in suspension and adherent cells were collected in 12675 mm Falcon Polystyrene tubes and centrifuged at 200 6 g. The cell pellet was resuspended in 400 ml of a hypotonic buffer (propidium iodide, 50 mg/ ml, 0.1% sodium citrate plus 0.1% Triton X-100) and placed at 48C in the dark overnight. Flowcytometric analysis was performed using a FACScan analyzer (Becton Dickinson). The propidium iodide fluorescence of individual nuclei was measured in the red fluorescence and the data registered in a logarithmic scale. At least 10 4 cells of each sample were analyzed.
Inhibition of apoptosis
To investigate the role of different inhibitors in apoptosis, ES cell lines were incubated with five different cell-permeable inhibitors of caspases: Z-VAD-fmk, Z-VDVAD-fmk, Z-DEVD-fmk, Z-YVAD-fmk, and Z-IETD-fmk (all from RD-Systems, Wiesbaden, Germany). The inhibitors were added at the indicated concentrations 30 min prior to the addition of the death ligands.
